Transmission characteristics of microtapered long-period fiber gratings (MTLPGs) and their strain and temperature sensitivities with variations in the waist diameters are investigated theoretically and experimentally. Transmission characteristics of MTLPGs strongly depend on the waist diameter of the tapered optical fiber (TOF) because of the modification of the effective index difference between the core and the cladding modes. Based on the photoelastic effect, the resonant wavelengths of MTLPGs with variations in strain shift to shorter wavelengths. The strain sensitivity of the MTLPG with a waist diameter of 25 μm is improved by a factor of 20 compared with that of a 125 μm long-period fiber grating. The temperature sensitivities of MTLPGs are also enhanced by reducing the waist diameter of the TOF.
High sensitivities of long-period fiber gratings (LPGs) to external perturbations, such as temperature, strain, and bending, have led to much interest in a variety of fiberoptic sensors [1] [2] [3] [4] [5] . LPGs with a large scale periodic axial perturbation in a single-mode fiber (SMF) can couple a forward propagating core mode (HE 11 ) to the forward propagating cladding modes (HE 1m ) in a SMF, which results in resonant peaks in the transmission. The large period of LPGs, however, makes them insensitive to variations in strain. Recently LPGs inscribed in the microfibers have been proposed to improve their performance as fiber-optic sensors [3] [4] [5] . Since microfibers have high fractional evanescent fields in air, strong evanescent field coupling in microfiber-based LPGs is capable of enhancing their sensitivity to ambient index change [4, 5] . Since microfibers are usually fabricated by tapering a conventional SMF [3] [4] [5] , it is necessary to investigate the effect of waist diameter of tapered optical fiber (TOF) on the transmission characteristics, strain, and temperature sensitivities of the LPG. In this Letter, the effect of waist diameter of TOF on the transmission characteristics, strain, and temperature sensitivities of microtapered long-period fiber gratings (MTLPGs) is investigated. Since the variation of the waist diameter of TOF changes the refractive index difference between the core and cladding modes, various cladding modes can be coupled from the fundamental core mode in MTLPGs with distinct waist diameters. The increase of strain makes the resonant wavelengths of the MTLPGs shift to shorter wavelengths because of the photoelastic (PE) effect. Decreasing the waist diameter improves the strain sensitivity of the MTLPG to be 20 times higher than that of a 125 μm LPG [1] . Since MTLPGs based on conventional SMF have positive thermal properties, the resonant wavelengths should be shifted to longer wavelengths as temperature increases. The temperature sensitivities of MTLPGs can be somewhat increased by reducing the waist diameters because of the excitation of different cladding modes in the MTLPGs with various waist diameters. fundamental core mode in the TOF is proportional to the waist diameter, the MFD should be reduced, the field confinement of the core mode should be enhanced, and the waist diameter (D) decreases.
Figure 3(a) shows experimental results for transmission spectra of the MTLPGs with various waist diameters (D) of 125, 100, 75, 50, and 25 μm. The measured mode field images of the cladding modes (HE 1m ) coupled from the fundamental core mode (HE 11 ) in the MTLPGs are shown in the insets. Mode coupling between the core and cladding modes occurs as the core mode propagates along the MTLPGs because the core and cladding regions of the TOFs are locally and periodically reduced again, which results in the periodic variation of the effective refractive indices. Therefore, resonant wavelengths resulting from mode coupling should be exhibited in the transmission spectra of the MTLPGs. The different cladding modes in four types of MTLPGs with distinct waist diameters (D) were excited from the fundamental core mode. Figure 3 (b) shows theoretical results for the effective indices of the core and cladding modes as functions of different waist diameters (D). The variation of waist diameter may change the field distribution and, consequently, the effective indices of the core and cladding modes. Since the V -parameter is generally proportional to the physical diameters of the optical fibers, the reduction in waist diameter decreases the effective indices of the core and cladding modes, as seen in Fig. 3 (b) [6] . However, the reduction in the effective index of the cladding mode is much higher than that in the core mode and it is proportional to the cladding mode order (m) because of different field distribution with variations in waist diameter (D) [7] . Therefore, the difference of effective indices between the core and cladding modes is changed depending on the distinct waist diameter. This means that MTLPGs with different waist diameters (D) should couple the fundamental core mode to different cladding modes. As the waist diameter (D) decreases, the low-order cladding mode must be excited from the fundamental core mode in the MTLPG. As seen in Figs. 2(a) and 3(a), the experimental results are in good agreement with the theoretical results.
According to the PE effect, externally applied strain reduces the effective index difference between the core and cladding modes, which results in a resonant wavelength shift to shorter wavelengths [8] . The variation of the refractive indices in the tapered δn D r and the locally tapered regions δn d r based on the PE effect after applying strain (ε) can be expressed by [9, 10] 
where n D r and n d r are the effective refractive indices in the tapered and the locally tapered regions before applying strain to the MTLPGs. p and Y are a PE constant and Young's modulus, respectively. F is the applied force. D is the waist diameter of the TOF, and d is the diameter of the locally tapered region in the MTLPG (D > d). Assuming that n D r is similar to n d r without the applied strain, the strain-induced refractive index change based on the PE effect Δn strain r can be derived as [10] Δn strain r
When strain is applied to the MTLPG, δn D r is smaller than δn d because of the smaller value of d than D. This means that Δn strain r is negative Δn strain r < 0 because ε D and ε d are inversely proportional to two diameters, such as D and d. By considering the phasematching condition in the MTLPGs and Eq. (1), the strain sensitivity of the resonant wavelength (dλ P ∕dε) can be derived as
where p co and p cl are PE constants of the core and cladding regions, respectively. n co;D r and n m cl;D r are effective refractive indices of the core and cladding modes as a function of radius without the applied strain. Λ is the grating period. The strain sensitivity is determined by the PE and the waveguide dispersion (WD) terms in Eq. (3). As seen in this equation, the MTLPG with a large period has negative strain sensitivity because of the negative contribution of the PE factor, which is higher than the WD term. The strain sensitivity of the MTLPG should be improved by diminishing d and D together because the strain sensitivity is inversely proportional to the squares of two diameters, such as d 2 and D 2 . On the other hand, the increase of temperature makes the resonant wavelength of the MTLPG shift to longer wavelengths because of the positive thermal expansion and thermo-optic coefficients of the TOF. The temperature sensitivity of the MTLPGs can be expressed by [11] 
where α is the thermal expansion coefficient (>0).ξ co and ξ cl are the thermo-optic coefficients in the core and cladding materials, respectively. The positive thermo-optic and thermal expansion coefficients of a conventional SMF with a germanium-doped core makes the resonant wavelength of the MTLPG shift to longer wavelengths as temperature increases. Figures 4(a) and 4(b) show experimental and theoretical results for resonant wavelength shifts of the MTLPGs as functions of strain and waist diameter, respectively. For the theoretical analysis, the PE constant (p) was ∼0.22 [12] . The resonant wavelengths of the MTLPGs with variations in strain shifted to shorter wavelengths because the PE effect reduces the effective refractive index of the TOF. The strain sensitivities of the MTLPGs with different waist diameters (D) of 125, 100, 75, 50, and 25 μm were measured to be −0.53, −0.64, −1.20, −3.05, and −10.28 nm∕mε, respectively. Because the strain sensitivity of the MTLPGs is inversely proportional to the waist diameter (D), the strain sensitivity of the MTLPGs should be improved by reducing the waist diameter. The strain sensitivity of the MTLPG with a waist diameter of 25 μm is almost 20 times higher than that of the LPG with a waist diameter of 125 μm. After calculating the effective indices of the core and cladding modes of the TOFs with variations in waist diameter (D), we theoretically analyzed the strain sensitivities of the MTLPGs with different waist diameters by using Eq. (3), as shown in Fig. 4(b) . The theoretical results were in good agreement with the experimental ones. Table 1 shows the comparison of the strain sensitivities for various fiber gratings, including fiber Bragg gratings (FBGs) and LPGs. The strain sensitivity of FBGs is usually higher than that of the LPG because of the small period of the FBGs [13] . In addition, the polymer-fiber-based FBG has higher strain sensitivity than the silica-based FBG because of the high flexibility of the polymer material [14, 15] . Since decreasing the waist diameter of the optical fiber can further improve the strain sensitivity of the LPG, the proposed MTLPG with high strain sensitivity is applicable to the fiber-optic accelerometer. Figure 5 shows theoretical and experimental results for resonant wavelength shifts of MTLPGs as functions of temperature. Increasing temperature makes the resonant wavelengths of the MTLPGs shift to longer wavelengths because of positive thermal optic and expansion coefficients of the TOFs based on the SMFs. The temperature sensitivities of the MTLPGs with various waist diameters were measured to be 51.3, 58.5, 59.1, 65.1, and 68.5 pm∕°C, respectively. The temperature sensitivity of the MTLPG was increased by reducing the waist diameter (D) because it strongly depends on the thermal expansion and optic coefficients and WD with respect to the order of cladding modes [3, 11] .
In conclusion, the effects of waist diameter of TOFs on the transmission characteristics, strain, and temperature sensitivities of MTLPGs were theoretically and experimentally investigated. In the transmission characteristics of the MTLPGs with various waist diameters, distinct cladding modes were coupled from the fundamental core mode because the different waist diameters changed the refractive index difference between the core and cladding modes. When the MTLPGs are inscribed in various TOFs with different waist diameters, the order of the cladding modes should be decreased as the waist diameters are diminished. The strain and temperature sensitivities of MTLPGs corresponding to various waist diameters were theoretically and experimentally discussed. The external strain made the resonant wavelengths of the MTLPGs shift to shorter wavelengths because of the PE effect. The strain sensitivities of the MTLPGs strongly depend on the waist diameters. Since the variation of the effective refractive index based on the PE effect is inversely proportional to the waist diameter, the strain sensitivity is significantly improved by reducing the waist diameter. The strain sensitivity of the MTLPG with a waist diameter of 25 μm was enhanced to be 20 times higher than that of the 125 μm LPG. The applied temperature made the resonant wavelengths of the MTLPGs shift to longer wavelengths because of their positive thermo-optic and expansion properties. The temperature sensitivity was increased by reducing the waist diameters because of the dependence of the thermal properties and the WD of the MTLPGs on the order of the cladding modes. 
